enhancers were poor binding targets for these two factors. Weak NFAT binding to clade E enhancers was also confirmed using NFAT1-expressing 293T cells in competition experiments. We have also shown the absence of interaction of NF-B or NFAT with the third NF-B repeat present in clade C. However, the clade C enhancer bound NFAT more efficiently than all other enhancer regions tested. Our results hence demonstrate for the first time that differences in the binding of NF-B and NFAT to the enhancer regions could be responsible for some of the observed variation in HIV-1 clade LTR activation, whereas HIV-2 LTR activation seems mostly independent of these interactions.
Human immunodeficiency virus type 1 (HIV-1), 1 the causal agent of AIDS, has an important tropism for CD4 ϩ T lymphocytes and macrophages. In T-cells, the replicative cycle of this virus is greatly dependent on the activation state of the infected cells. Hence, in a high activation state, higher replication can be detected, which is mainly consequential to a higher level of transcription. HIV-1 transcription is dependent on the 5Јlong terminal repeat (LTR) region, which harbors the important enhancer sequence. Nuclear factor-B (NF-B) is a cellular transcription factor that has been demonstrated to be an essential regulator in the activation of the HIV-1 LTR through its interaction with the enhancer region (1) . However, a series of studies have suggested that NFAT (nuclear factor of activated T-cells) could also bind to the HIV-1 enhancer region (Ϫ104 to Ϫ81) of the LTR and modulate overall LTR-mediated gene expression (10, 13, 15, 22, 23, 28, 38) .
The NF-B transcription factor is composed of two subunits that are part of the Rel family and is expressed in virtually all cell types. The predominant form of NF-B implicated in the process of HIV-1 LTR activation is a heterodimer composed of the 50-kDa (p50) and 65-kDa (p65 or RelA) subunits (2) (3) (4) . Recent findings have suggested that the effect of NF-B on HIV-1 expression might depend on an increase in both initiation and elongation of transcription (5) . The NF-B complex is usually retained in the cytoplasm as an inactive factor associated with a repressor termed IB␣ that masks the nuclear localization signal (6 -9) . The sudden activation of NF-B by a range of activators induces the release and degradation of IB␣ subsequent to its phosphorylation, thereby allowing NF-B to move freely from the cytoplasm to the nucleus (10 -14) . Nuclear NF-B can subsequently act on the targeted genes.
The NFAT members are part of a family of Rel-related transcription factors that are activated early after T-cell activation. Several NFAT family members are present in human T-cells, such as NFAT1 (NFATp), NFAT2 (NFATc), NFAT3, and NFAT4 (NFATx) (15) and NFAT5 (16) . Like NF-B, NFAT factors are sequestered in the cytoplasm and translocated to the nucleus following an increase in the intracellular calcium content (17, 18) . Modulation of intracellular calcium triggers conformational changes in calmodulin and increases its bind-* This work was supported in part by Have a Heart Grant 507-0154 from the Canadian Foundation for AIDS Research and Grant 003318 from the Fonds de la Recherche en Santé du Québec (to B. Barbeau). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 ing to the calcineurin serine/threonine phosphatase, leading to its activation. The ensuing NFAT dephosphorylation by calcineurin renders the nuclear localization sequence accessible, allowing nuclear translocation (19) . The consensus binding sequence for NFAT is 5Ј-(T/A)GGAAA(A/N)(A/T/C)-3Ј (20) . This sequence has similarity to the antisense strand in the NF-Bbinding sites located in the enhancer region of the HIV-1 LTR, which have thus been suggested to represent potential NFATbinding sites (21, 22) . A recent study has provided evidence that NFAT1 interacts as a dimer on the HIV-1 enhancer region through a unique conformation (23) .
Although the mechanism of action of these factors on HIV-1 LTR activation is now well documented, their implication in the transcription process following activation has not been clearly assessed in a comparative fashion in the various existing HIV-1 isolates. The known heterogeneity in HIV-1 sequences has led to the classification of the isolates in different clades. Presently, at least 10 distinct genetic subtypes (clades A-J) of HIV-1 have been identified based on phylogenetic analyses of gag and env genes (24) . The different subtypes are not distributed evenly throughout the world. For example, subtype B predominates in North America and Europe, subtype C in South Africa and India, and subtype E in Northern Thailand (25) . When representative isolates of the different clades are compared within the LTR sequence, a substantial degree of variability is apparent and is preserved in general within each clade (26) . Importantly, the number of NF-B repeats has been observed to vary from one to three between the different clades: two NF-B-binding sites are present in the enhancer regions of clades A, B, D, F, and G; three in clade C; and only one in clade E (24, 26) . Interestingly, the closely related HIV-2 virus has also been demonstrated to vary in terms of its LTR structure compared with the HIV-1 LTR (27, 28) . First, the typical enhancer sequence harbors only one NF-B repeat, but in addition, the LTR region bears DNA-binding sites upstream of this latter enhancer region, which are presumed to play a substantial role in LTR activation (29 -31) .
In this study, we were interested in determining whether the variable configuration of the different HIV-1 clade LTRs and the HIV-2 LTR could lead to an altered response to various T-cell-activating agents paralleled by a difference in the implication of the NF-B and NFAT transcription factors. In this study, we report for the first time a comparison of the LTR activation of the different clades with various activators and in relation to the binding of both NFAT and NF-B. We show that the HIV-1 clade E LTR was the weakest induced promoter in response to stimulation by different tested T-cell-activating agents. Surprisingly, HIV-2 was the most potently activated LTR, except when cells were activated by tumor necrosis factor-␣ (TNF␣). Moreover, we demonstrate that NF-B and NFAT transcription factor binding to the enhancer regions of HIV-1 clade E (one NF-B-binding site) and HIV-2 was weaker than to all the other clades. On the other hand, the third extra NF-B-binding site present exclusively in the clade C LTR had no affinity for each of these factors. Our results also suggest that the sequence flanking the consensus sequence of NFATbinding sites in the enhancer region could alter the affinity of NFAT for this sequence.
EXPERIMENTAL PROCEDURES
Cell Cultures-We used the human CD4 ϩ T-cell lines Jurkat (clone E6-1) (32) and SupT1 (33) (American Type Culture Collection, Manassas, VA). These cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (Invitrogen), 2 mM glutamine, 100 units/ml penicillin G, and 100 g/ml streptomycin. The human embryonic kidney 293T cell line (kindly provided by Dr. W. C. Greene, J. Gladstone Institutes, San Francisco, CA) was grown in similarly supplemented Dulbecco's modified Eagle's medium. DT30 cells (American Type Culture Collection) were derived from the mastocytoma P815 cell line and stably express human B7.1 and the murine Fc␥ receptor (34) . DT30 cells were grown in supplemented RPMI 1640 medium, fixed in 1% paraformaldehyde, washed extensively with phosphate-buffered saline, and stored frozen at a density of 2 ϫ 10 6 cells/ml in phosphatebuffered saline before use. Peripheral blood mononuclear cells were purified by Ficoll-Hypaque centrifugation and subsequently isolated by negative selection using the CD4 ϩ T-cell isolation kit and the Au-toMACS device (Miltenyi Biotec Inc., Auburn, CA) according to the manufacturer's recommendations. Cells were subsequently resuspended in supplemented RPMI 1640 medium and directly tested. All cell lines and primary CD4 ϩ T-cells were maintained at 37°C under a 5% CO 2 humid atmosphere.
Plasmids and Antibodies-Constructs pGL3-LTR-LUC(A), pGL3-LTR-LUC(B), pGL3-LTR-LUC(C), pGL3-LTR-LUC(D), and pGL3-LTR-LUC(E) were generated from vectors containing sequences (Ϫ174 to ϩ46) of different HIV-1 clade LTRs positioned upstream of the chloramphenicol acetyltransferase reporter gene. These HIV-1 5Ј-LTR regions originated from clade A (UG5218, GenBank TM /EBI accession number AF102220), clade B (SE5648, accession number AF102210; and SE5611, accession number AF102212), clade C (GM6439, accession number AF102202), clade D (UG6357, accession number AF102223), and clade E (GM6452, accession number AF102205) (24) . LTR sequences were excised by XhoI (blunted) and BamHI and inserted in the pGL3basic vector (Promega, Madison, WI) digested by SmaI/BglII. The plasmids pBlue3ЈLTR-LUC(B), pBlue3ЈLTR-LUC(C), and pBlue3ЈLTR-LUC(E) were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (Rockville, MD). These constructs contain the 3Ј-LTRs (Ϫ147 to ϩ63) of clades B, C, and E, respectively, positioned upstream of the luciferase reporter gene in pBluescript. Similar pBluescript-based constructs containing different clade E LTRs (LTR-24-3, LTR-4-1, and 3Ј-LTR E) (25, 35) were also tested. pHIV-2-LTR-LUC was constructed from the HIV-2 proviral DNA clone pROD10.fl (obtained from Dr. Marc Alizon, Pasteur Institute, Paris, France) (36) through excision of the 5Ј-LTR sequence by NaeI and NarI, which was then cloned in the SmaI site of the pGL3basic vector after blunting. The pGL2tata-LUC vector was constructed by subcloning a synthetic double-stranded oligonucleotide (produced from hybridized oligonucleotides 5Ј-CTAGCGGGTATATAATGGATCCA-3Ј and 5Ј-AGCTTGGATCCATTATATACCCG-3Ј) containing a TATA box and extremities compatible with NheI/HindIII-digested ends of the pGL2basic vector. Based on the enhancer sequences of the different HIV-1 clade (A-E) LTRs above (24) , synthesized oligonucleotides corresponding to the sense and antisense strands of each enhancer region (see Table I ) were hybridized and cloned into the SmaI site of the pGL2tata-LUC vector, thereby generating pGL2tata-enh-LUC(A), pGL2tata-enh-LUC(B), pGL2tata-enh-LUC(C), pGL2tata-enh-LUC(D), and pGL2tata-enh-LUC(E). The ␤-galactosidase expression vector pCMV␤ was purchased from Clontech (Palo Alto, CA). The NFAT1 expression vector was kindly provided by Dr. Tim Hoey (Tularik Inc., San Francisco, CA) (37) .
Hybridomas producing anti-CD3 antibody OKT3 (specific for the chain of the CD3 complex) were obtained from American Type Culture Collection. Antibodies from this hybridoma cell line were purified with mAbTrap protein G affinity columns (Amersham Biosciences AB, Uppsala, Sweden). Rabbit antisera raised against the p50 subunit of NF-B and antibodies specific for NFAT1 (anti-NFATp antibody) and for all NFAT family members (anti-panNFAT antibody) were generously supplied by Dr. Nancy R. Rice (National Cancer Institute, Frederick, MD).
Transfections and Reporter Gene Assays-Jurkat cells (5 ϫ 10 6 ) were transiently transfected using a previously described DEAE-dextran protocol (38) . Cells were first washed with 137 mM NaCl, 25 mM Tris-HCl (pH 7.4), 5 mM KCl, 0.6 mM Na 2 HPO 4 , 0.5 mM MgCl 2 , and 0.7 mM CaCl 2 and then incubated with 15 g of luciferase reporter constructs and 5 g of pCMV␤ in 0.5 ml of the same buffer containing 500 g/ml DEAE-dextran for 25 min at room temperature. Afterward, 5 ml of supplemented RPMI 1640 medium were added to the cells along with 100 M chloroquine, and the cells were incubated at 37°C for 45 min. After centrifugation, the cells were resuspended in 5 ml of supplemented RPMI 1640 medium and incubated at 37°C for 24 h. SupT1 cells were transiently transfected by a modified version of a previously described electroporation protocol (39) . Briefly, 15 ϫ 10 6 cells were transfected with 15 g of luciferase reporter constructs and 5 g of pCMV␤ in 400 l of medium containing DEAE-dextran (10 g/ml) and Me 2 SO (1.25%). Electroporation was performed using Gene-Pulser I (950 microfarads, 250 V; Bio-Rad) at room temperature. Shortly after, 5 ml of supplemented RPMI 1640 medium were added to the cells along with Me 2 SO (1.25%), and the cells were incubated at 37°C for 24 h. Transient transfection of 293T cells was conducted with the calcium phosphate transfection protocol as described previously (40) . Primary CD4 ϩ T lymphocytes were transfected with the Nucleofector device (Amaxa Biosystems, Gaithersburg, MD) according to the manufacturer's instructions. Briefly, unstimulated primary CD4 ϩ T-cells (5 ϫ 10 6 cells) were washed once with phosphate-buffered saline and then resuspended in the human T-cell Nucleofector solution with the indicated plasmids. The cell/DNA mixture was added to a cuvette, inserted in the Nucleofector, and transfected. CD4 ϩ T-cells were then activated.
For stimulation, transiently transfected T-cells were seeded at a density of 10 5 cells/well (100 l) in 96-well plates. In the form of triplicates, cells were either left untreated or treated with phytohemagglutinin (PHA; 3 g/ml; Sigma), phorbol 12-myristate 13-acetate (PMA; 20 ng/ml; Sigma), ionomycin (Iono; 1 M; Sigma), bpV(pic) (10 M; Alexis Corp., San Diego, CA), or TNF␣ (20 ng/ml; R&D Systems, Minneapolis, MN) in a final volume of 200 l. Antibody OKT3 (40 g/ml) was incubated with paraformaldehyde-fixed DT30 cells (2 ϫ 10 6 /ml), which were used to stimulate Jurkat cells at a ratio of one DT30 cell/10 Jurkat cells. Cells were then incubated at 37°C for 8 or 16 h (for cell lines and primary CD4 ϩ T-cells, respectively) and lysed with 1ϫ lysis buffer (25 mM Tris phosphate (pH 7.8), 2 mM dithiothreitol (DTT), 1% Triton X-100, and 10% glycerol). Luciferase activity was determined as follow. After a freeze/thaw cycle, 20 l of cell extract were transferred to a 96-well luminometer plate, and luciferase activity was monitored on a Dynex MLX microplate luminometer following the addition of 100 l of luciferase buffer (20 mM Tricine, 1. Preparation of Nuclear Extracts, Probe Labeling, and Electrophoretic Mobility Shift Assay (EMSA)-Nuclear extracts were prepared according to a previously described microscale preparation protocol (41) . Jurkat or transfected 293T cells were first washed with ice-cold phosphate-buffered saline. Cells were then resuspended in 400 l of hypotonic buffer (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride), kept for 15 min on ice, and lysed with 25 l of 10% Nonidet P-40. After brief vortexing and centrifugation, the supernatant was discarded, and the pellet was resuspended in hypertonic buffer (20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM phenylmethylsulfonyl fluoride), followed by gentle agitation for 15 min. The solution was then centrifuged, and protein concentration was measured in the supernatant by BCA assay (Pierce) before storage at Ϫ85°C. Radioactive labeling of the oligonucleotides was performed by adding 50 ng of one of the DNA strands in T4 polynucleotide kinase buffer con-taining 30 Ci of [␥-32 P]ATP and T4 polynucleotide kinase and incubating the mixture for 30 min at 37°C. The reaction was stopped by the addition of EDTA. After phenol/chloroform extraction, the aqueous phase was spun through a Sephadex G-50 column for further purification. The oligonucleotide was then allowed to hybridize overnight with 200 ng of the complementary strand in annealing buffer (100 mM NaCl, 5 mM Tris (pH 7.5), 10 mM MgCl 2 , 20 M EDTA, and 1 mM DTT). The sequence of each labeled complete enhancer probe is presented in Table  I . Nuclear extracts (10 g) were mixed with poly(dI-dC) (1 g/ml), bovine serum albumin (1 g/ml), and the labeled oligonucleotide in binding buffer (100 mM HEPES (pH 7.9), 40% glycerol, 10% Ficoll, 250 mM KCl, 10 mM DTT, 5 mM EDTA, and 250 mM NaCl). This mixture was incubated for 20 min at room temperature and then run through a 4% or 6% (w/v) polyacrylamide gel for 2 h at 150 V. Competition experiments were performed with a 100-fold excess of unlabeled oligonucleotides containing the NFAT-binding site of the murine interleukin-2 promoter region (5Ј-TCGAGCCCAAAGAGGAAAATTTGTTTCATG-3Ј).
In some experiments, each NF-B repeat of the clade C enhancer was used as either a probe or unlabeled competition oligonucleotide and identified as follows: repeat I, 5Ј-CCAGTGGGGCGGTCTAGGAGG-3Ј; repeat II, 5Ј-TCCGCTGGGACTTTCCACTGGG-3Ј; and repeat III, 5Ј-ACAGAAGGGACTTTCCGCTGGG-3Ј). An additional typical sequence from the extra repeat of clade C was also used in EMSAs: 5Ј-CCACT-GGGGCGTTCCAGGAGG-3Ј. Finally, the distal and proximal NF-B repeats from the NL4-3 clade B enhancer (i.e. 5Ј-CTACAAGGGACTT-TCCGCTGG-3Ј and 5Ј-CCGCTGGGGACTTTCCAGGGAG-3Ј, respectively) were also analyzed individually in bandshift experiments. Supershift assays were performed by preincubation of nuclear extracts with 1 g of antibody in the presence of all the components of the binding reaction described above for 30 min on ice prior to the addition of the labeled probe. Gels were dried and exposed to a Eastman Kodak Biomax MR film at Ϫ85°C.
Certain competition experiments were also performed to evaluate band intensity of the specific complexes. Dried gels were thus placed for 16 h in a cassette containing a radioactive-detecting screen, which was then scanned by the Typhoon 9200 imager device. The intensities of the different bands were compared on the same gel using ImageQuant Version 5.2 software. The non-competed band was used as the 100% binding value, and the resulting band intensities for the competed signals were determined as a percentage of the non-competed sample.
RESULTS

HIV-1 Clade E LTRs Are Less Potently Stimulated by Different T-cell-activating
Agents-An important divergence in the nucleotide sequence has been demonstrated in the LTR regions of the different clades of HIV-1 (24, 26) . The heterogeneity in the enhancer region is of particular interest in the context of T-cell activation known to involve transcription factors binding to this LTR segment. In particular, most clades bear two NF-B-binding sites in their enhancer region, whereas clades E 
a NF-B-binding sites for each enhancer sequence are indicated in boldface.
and C contain one and three binding sites, respectively. Although early reports had compared activation of the different clade LTRs under certain conditions, we were interested to look at the response of the different HIV-1 clade LTRs to a variety of T-cell activators. We have thus used the standard Jurkat cell line, which is a good T-cell line model for signal transduction analyses. Different T-cell-activating agents were tested, including T-cell receptor-cross-linking agents as well as more downstream activating agents such as the protein kinase Cactivating agent PMA, the calcium ionophore Iono, and the protein-tyrosine phosphatase inhibitor bpV(pic). We have demonstrated previously that this latter activator is a strong inducer of HIV-1 LTR activity, a transcription up-regulation that depends on both NF-B and NFAT translocation and binding to the HIV-1 enhancer region (38, 42) . In addition, in this list of activators, we have also included the DT30 murine cell line, which expresses human B7.1 and the Fc␥ receptor, which, along with antibody OKT3, mimic typical antigen-dependent T-cell activation. Jurkat cells were first transfected with constructs containing HIV-1 clade (A-E) LTRs upstream of the luciferase reporter gene and then stimulated for 8 h (Fig.  1A) . Transfection also included a ␤-galactosidase-encoding vector to standardize for transfection efficiency. For all these assays, ␤-galactosidase values showed little variation between the different cell extracts prepared from unstimulated transfected Jurkat cells (data not shown). Our first observations were that LTRs from the different HIV-1 clades demonstrated different degrees of response to the tested activators. Most notably, a significant weaker induction of the LTR segment of HIV-1 clade E was constantly measured under all stimulating conditions. The stimulation with the protein-tyrosine phosphatase inhibitor bpV(pic) was not found to modulate the LTR of clade E differently from the LTR of clade A in this experiment, but other experiments indicated that the clade A LTR under this activated condition was also stronger than the clade E LTR (data not shown). In general, when the other HIV-1 clade (A-D) LTRs were compared, no significant differences in terms of strength of LTR activation were apparent regardless of the tested activators. Normalized basal activity was also observed to be weaker for the clade B LTR (2.58 Ϯ 0.4 RLU) in comparison with the clade A (15.5 Ϯ 1.34 RLU), clade C (5.07 Ϯ 1.03 RLU), clade D (8.16 Ϯ 1.81 RLU), and clade E (6.35 Ϯ 0.77 RLU) LTRs, which is consistent with previous data (25) .
The response of the various LTRs was also examined in the T-cell receptor-negative cell line SupT1 ( (Fig. 1E) . Indeed, although the extent of LTR activation was lower in primary CD4 ϩ T lymphocytes compared with our tested CD4 ϩ T-cell lines, LTR activation was generally 20 -50% lower in cells transfected with pGL3-LTR-LUC(E) in comparison with pGL3-LTR-LUC(B)-transfected CD4 ϩ T lymphocytes. PHA-mediated LTR activation was not significantly different between both tested clade LTRs, which is consistent with the generally weak differences observed in the response of the different clade LTRs to PHA activation in the T-cell lines. These results demonstrate that LTR activation varies in strength according to the clade of origin, with clade E containing the weakest responsive LTR regardless of the added T-cell activator.
The Enhancer Region of HIV-1 Clade E Is Weakly Induced-Because T-cell activation leads to the up-regulation of HIV LTR-mediated gene transcription and generally involves the enhancer segment, a better assessment of enhancer-dependent modulation of the clade LTRs was next undertaken. To make a clear analysis of the strength of each clade enhancer region, we used pGL2tata-enh-LUC(A-E) plasmids, which contain the isolated enhancer region of each HIV-1 subtype cloned upstream of a minimal TATA box and the luciferase reporter gene. These constructs were cotransfected with the pCMV␤ vector in Jurkat cells, and following stimulation, luciferase and ␤-galactosidase activities were both measured. As demonstrated above, the enhancer region from HIV-1 clade E showed the weakest activation for most of the tested activators (Fig. 2) . Although the activation state of the other enhancer regions was higher than for clade E, differences were noted in comparison with the observed differences in full-length LTRs. In fact, PHA-activated T-cells were equally inefficient in activating the enhancers from clades B-E in comparison with the clade A enhancer construct. This overall tendency was also observed when SupT1 cells were transfected with these vectors and stimulated, again demonstrating a weakly induced enhancer region from the clade E LTR (data not shown).
Weak Binding of NF-B to the HIV-1 Clade E Enhancer-Because the above results suggested that the enhancer might in part contain the important element for the differences in responsiveness of the different LTRs, we set out to focus on the factors that bind to the HIV-1 clade and HIV-2 enhancer regions. Shift assays were thus performed with the same enhancer regions described above in the pGL2tata-enh-LUC constructs. Probes were incubated with nuclear extracts from untreated or stimulated Jurkat cells. A closer analysis was undertaken for the NF-B and NFAT factors.
The enhancer probes were first incubated with nuclear extracts from TNF␣-stimulated Jurkat cells. As expected, the results demonstrated the presence of a specific band corresponding to an NF-B-specific complex (Fig. 3A, lanes 2, 4, 6, 8,  10, and 12) . The NF-B complex showed similar binding to the 6) anti-panNFAT antibodies before being incubated with the different probes. Samples were subsequently resolved on a native polyacrylamide gel, which was dried and exposed to Kodak X-Omat film. Free probe and specific complexes are indicated. enhancer regions of clades A, B, and D (lanes 2, 4, and 8) . In contrast, enhancers containing a single NF-B binding site (HIV-1 clade E and HIV-2) led to a weaker signal of the NF-B-specific complex in comparison with the other tested enhancer probes (lanes 10 and 12) . Interestingly, a very faint band was apparent in unstimulated extracts specifically upon incubation with the clade E enhancer probe (lane 9), which might be reminiscent of the previously identified GA binding protein factor (43, 44) . Although the clade C enhancer generated an important band, no clear stronger signal was noted in comparison with the clade A, B, and D enhancer probes, although the signal seemed more diffuse (lane 6).
To further confirm the binding of the NF-B transcription factor to the different enhancers, nuclear extracts from Jurkat cells stimulated with PMA/Iono were incubated with each enhancer probe (Fig. 3B ). As we have demonstrated previously (42, 45) , the complexes that bind to the enhancer sequences in PMA/Iono-stimulated Jurkat cells include both overlapping NFAT and NF-B signals (Fig. 3B, lanes 1-6) . To specifically assess the NF-B signal, nuclear extracts were incubated with a rabbit antibody recognizing all NFAT members (anti-panNFAT antibody) (lanes 7-12) . The interaction of the antibody with the NFAT-enhancer probe complex resulted in the dissociation of the protein-DNA complex, as no supershift-related signals were identified. However, this antibody interaction allowed the isolation of the NF-B signal. By comparing the different enhancer probes, similar observations were obtained in experiments using nuclear extracts from PMA/Iono-or TNF␣-treated cells. Indeed, a weaker NF-B-specific signal was observed when anti-panNFAT antibody-treated nuclear extracts were incubated with either the HIV-1 clade E or HIV-2 enhancer probe (lanes 11 and 12) . These results thus indicate that the ability of the different enhancers to bind NF-B is in overall agreement with the results from the above transfection experiments, especially with respect to the binding to the HIV-1 clade E enhancer.
NFAT Binds Weakly to the HIV-1 Clade E Enhancer-Because of the ability of the NFAT factor to stimulate HIV-1 LTR transcription and to act via the HIV-1 enhancer region (21), we directly looked at the association of NFAT with the enhancer regions of the different HIV-1 clades and HIV-2 by performing supershift analysis with an antiserum directed against the NF-B p50 subunit. Nuclear extracts were initially prepared from Jurkat cells stimulated with PMA/Iono and then incubated with the different enhancer probes in the presence of anti-p50 antibody (Fig. 4A ). The addition of the anti-p50 antibody led to the formation of a supershift and the isolation of a signal corresponding to the upper part of the signal as previously determined by our group (42, 45) . Although these signals were weak, they were specific for NFAT as assessed by NFAT competition experiments (data not shown). Comparison of the NFAT signals in the different probes suggested that the HIV-1 clade C enhancer probe resulted in a more intense signal (lane 6), whereas those obtained for the HIV-1 clade E and HIV-2 probes were barely detectable (lanes 10 and 12) . However, a similarly intense NFAT signal was present in the extracts from PMA/Iono-activated Jurkat cells incubated with the enhancer probes from clades A, B, and D (lanes 2, 4, and 8) . Nuclear extracts from Jurkat cells stimulated with other activators were also used to evaluate the binding of NFAT to clade B versus clade E enhancers. As depicted in Fig. 4B , after the addition of the anti-p50 antibody, all nuclear extracts from stimulated Jurkat cells showed the formation of a specific NFAT band upon incubation with the HIV-1 clade B enhancer probe (lanes 2, 4, and 6) . The strongest signal was obtained in bpV(pic)-treated Jurkat cells, which was consistent with our previous results (42) . These supershift analyses indicated that NFAT binding to the HIV-1 clade E enhancer was significantly lower regardless of the added activating agents (lanes 8, 10,  and 12) .
The interaction of NFAT with clade B and E enhancer regions from different HIV-1 isolates was also compared. As presented in Fig. 4C and as demonstrated above, upon incubation of OKT3/DT30-treated Jurkat nuclear extracts, the NFAT signal isolated upon the addition of anti-p50 antibody was again weaker for all of the tested clade E enhancer representatives compared with the two tested clade B enhancer probes (compare lanes 3-6 with lanes 1 and 2) . In addition, a fast migrating signal likely attributable to GA binding protein was observed for all clade E enhancer probes. Binding of NFAT to the clade enhancer was also evaluated using nuclear extracts from primary CD4 ϩ T-cells (Fig. 4D) . Nuclear extracts from PMA/Iono-stimulated CD4 ϩ T-cells were hence incubated with clade B and E enhancer probes, and upon anti-p50 antibody incubation, the remaining NFAT-specific signal was again found to be stronger for the clade B enhancer, confirming the above results obtained in Jurkat cells (lane 3 versus lane 4). These results thus indicate that, in the context of activation, for both T-cell lines and primary CD4 ϩ T-cells, HIV enhancer regions containing a single NF-B repeat are poor binding sites for NFAT.
Weaker Binding Capacity of NFAT1 for Clade E Enhancers-To confirm that NFAT indeed had a weaker association with the clade E enhancer, a different source of NFAT was used. We thus transfected 293T cells with an expression vector for NFAT1 and derived nuclear extracts from these transfected cells. An NFAT1 expression vector was chosen because this isoform has been found to be the major NFAT member interacting with the HIV-1 enhancer from stimulated Jurkat extracts (42, 45) . Extracts from transfected 293T cells were then incubated with the probes from HIV-1 clade A-E enhancers (Fig. 5A ). A strong signal was observed for most of the enhancer probes incubated with cell extracts from NFAT-1-expressing 293T cells. Again, in comparison with the other tested probes, the clade C enhancer probe produced a more intense signal upon incubation with the transfected 293T cells (lane 8). However, signals were weaker with the enhancer probes from HIV-1 clade E (lanes 14) and HIV-2 (data not shown). Extracts from mock-transfected 293T cells were incubated with these similar probes and gave no specific bands (lanes 1, 4, 7, 10, and  13) . Specificity of the signal was demonstrated either through competition experiments with a 100-fold excess of unlabeled enhancer oligonucleotide (lanes 3, 6, 9, 12, and 15) or through supershift assays with anti-NFAT1 antibody (data not shown).
To confirm these results, we conducted competition experiments with increasing concentrations of clade B and E enhancer-derived unlabeled oligonucleotide in nuclear extracts derived from NFAT1-expressing 293T cells and incubated with a clade B enhancer probe. As depicted in Fig. 5B , at a 10-fold excess of oligonucleotides, the signal was greatly diminished with the clade B oligonucleotide, whereas limited competition was observed with the clade E oligonucleotide (lane 2 versus lane 6). In fact, competition was weaker with the clade E oligonucleotide in subsequent competition experiments using higher concentrations of the unlabeled oligonucleotides (lanes 3  and 4 versus lanes 7 and 8) . The intensities of the bands from this experiment were subsequently estimated using a Typhoon 9200 imager device and indeed confirmed that the clade E enhancer region was less efficient in competing for the binding of NFAT in comparison with the tested clade B enhancer region (Fig. 5C) . Competition experiments using oligonucleotides derived from other clade B and E enhancer regions were similarly performed and confirmed the above results in that clade E oligonucleotides were poorer competitors than the clade B oligonucleotides (data not shown). As our results also pointed toward a stronger NFAT signal with the clade C enhancer probe, we also compared competition strength of clade B versus clade C enhancer regions, this time at lower concentrations of unlabeled oligonucleotide. As presented in Fig.  5D , Typhoon analysis of band intensities indeed indicated that the clade C enhancer allowed better binding of NFAT than the oligonucleotide corresponding to the clade B enhancer region. These results thus provide evidence that, like NF-B, NFAT1 might also contribute to reducing LTR activation through the single NF-B repeat-containing LTRs (clade E). In addition, our results suggest that the clade C enhancer region contains an enhancer sequence that allows better interaction with NFAT1. FIG. 4. NFAT has a weaker binding capacity for the HIV-1 clade E and HIV-2 enhancer regions. A, nuclear extracts from PMA (20 ng/ml)/Iono (1 M)-treated Jurkat cells were either left untreated (lanes 1, 3, 5, 7, 9, and 11) or preincubated with anti-p50 antibody (lanes 2, 4,  6, 8, 10, and 12) . Samples were then incubated with the enhancer regions of HIV-1 clade A (UG5218; lanes 1 and 2), clade B (SE5648; lanes 3 and  4) , clade C (GM6439; lanes 5 and 6) , clade D (UG6357; lanes 7 and 8) , clade E (GM6452; lanes 9 and 10) , and HIV-2 ROD10 (lanes 11 and 12) . B, nuclear extracts from PMA (20 ng/ml)/Iono (1 M)-, bpV(pic) (10 M)-, and OKT3 (40 g/ml)/DT30 (1:10 Jurkat)-treated Jurkat cells were either left untreated (lanes 1, 3, 5, 7, 9, and 11) or preincubated with anti-p50 antibody (lanes 2, 4, 6, 8, 10, and 12) . Samples were then incubated with the enhancer regions of HIV-1 clade B (SE5648; lanes 1-6) and clade E (GM6452; lanes 7-12) . C, nuclear extracts from OKT3 (40 g/ml)/DT30 (1:10 Jurkat)-treated Jurkat cells were preincubated with anti-p50 antibody and incubated with the enhancer probes from clade B (SE5648; lane 1) , NL4-3 (B; lane 2) , and clade E (GM6452, GM6452:2, 15ltr, and CM240ltr; lanes 3-6). D, nuclear extracts prepared from primary CD4 ϩ T lymphocytes treated with PMA (20 ng/ml)/Iono (1 M) were incubated with the clade B (SE5648; lanes 1 and 3) and clade E (GM6452; lanes 2 and 4) enhancer probes and incubated with or without anti-p50 antibody. Protein-DNA complexes were subsequently resolved on a native polyacrylamide gel, which was dried and exposed to Kodak X-Omat film. Free probe, specific complexes, and supershift complexes (SS) are indicated.
The Third NF-B-binding Repeat of the Clade C Enhancer Does Not Bind NFAT or NF-B-Because it has been postulated that the clade C LTR might support higher transcription activity and that the enhancer allows better NF-B activation (24 -26) , the results that we obtained in both transfection and EMSA experiments hence contradicted these previous results. To better assess the involvement of the three repeats in transcription regulation of the clade C LTR, oligonucleotides containing each isolated repeat (from the enhancer region used in the EMSAs) were used in competition experiments with the clade C enhancer-bound complexes (Fig. 6A) . The NF-B repeats were labeled from I to III, starting from the repeat closest to the transcription initiation site. After incubation of the nuclear extract from TNF␣-stimulated Jurkat cells with NF-B repeat I-III probes, signals were detected for each probe, except for the NF-B repeat I probe. In addition, competition experiments demonstrated that the signals observed for NF-B repeat II and III probes were out-competed by each other, but (UG5218; lanes 1-3), clade B (SE5648; lanes 4 -6) , clade C (GM6439; lanes 7-9) , clade D (UG6357; lanes 10 -12) , and clade E (GM6452; lanes 13-15) . The results from competition experiments with a 100-fold excess of unlabeled NFAT oligonucleotide are presented in lanes 3, 6, 9, 12, and 15 . Extracts from mock-transfected 293T cells (M) were incubated with these probes and used as negative controls (lanes 1, 4, 7, 10, and 13) . B, nuclear extracts from NFAT1-expressing 293T cells were incubated with clade B (SE5648) enhancer probes. Competition experiments were subsequently conducted with a 10-fold (lanes 2 and 6), 50-fold (lanes 3 and 7) , or 100-fold (lanes 4 and 8) excess of clade B (SE5648) and clade E (GM6452) unlabeled oligonucleotides. Lanes 1 and 4 represent non-competed samples. Protein-DNA complexes were subsequently resolved on a native polyacrylamide gel, which was dried and exposed to Kodak X-Omat film. Free probe and specific complexes are indicated. not by unlabeled NF-B repeat I oligonucleotides. We similarly analyzed the binding capacity of NF-B for NF-B repeat I with a more representative sequence among the different clade C enhancer regions (i.e. 5Ј-GGGGCGTTCC-3Ј) (24 -26) . Again, no binding of NF-B was detected when this oligonucleotide was used as the probe incubated with TNF␣-activated Jurkat nuclear extracts (data not shown).
Analysis of the binding of the NFAT1 factor to the three different repeats was also undertaken (Fig. 6B ). As expected, NF-B repeat I (which lacks an NFAT consensus sequence) did not lead to the formation of a complex when the labeled probe was incubated with nuclear extracts from NFAT1-expressing transfected 293T cells. Conversely, excess unlabeled oligonucleotide of this repeat was not efficient in competing for the signals obtained with the labeled probes from the two other repeats (data not shown). Interestingly, the NFAT-specific signal was stronger upon incubation of the extracts with the NF-B repeat II probe compared with the NF-B repeat III probe. This higher binding capacity of NFAT for NF-B repeat II was not paralleled by a stronger NF-B signal when TNF␣activated Jurkat extracts were incubated with these probes. Because NF-B repeat II permitted stronger NFAT binding, we also compared the binding ability of both NFAT and NF-B for each NF-B repeat from the NL4-3 clade B enhancer. However, no major differences were observed between each repeat of the NL4-3 clade B enhancer in their binding of either NFAT or NF-B (data not shown). These results thus indicate that the extra binding site of clade C bears no detectable affinity for NF-B or NFAT. The tested middle repeat from the clade C enhancer bound to NFAT in a stronger fashion than the other repeat from the clade C enhancer.
DISCUSSION
Previous studies have determined that LTRs of various HIV-1 clades show particular differences in their sequences (24, 26) . Some of these dissimilarities are included in the enhancer region and relate to the number of NF-B repeats (from one to three). When HIV-1 LTRs are compared with the HIV-2 LTR, important differences are also noted in the enhancer sequence in that a single NF-B repeat is present in the LTR sequence of HIV-2 isolates. Because of the role played by NF-B and NFAT in modulating the LTR activation through the enhancer sequence (1, 21, 22, 46) , our objective was to assess the implication of both of these factors in the activation of LTRs from the different clades. Through the use of various T-cell-activating agents, we have demonstrated that the number of NF-B repeats can affect the binding of both factors to the enhancer regions of the different HIV-1 clades and that this likely reduces the strength of the activation of the clade E LTR, which contains a single NF-B repeat. However, the HIV-2 LTR, which bears only one NF-B-binding site, was found to be the strongest activated LTR with most activating agents. Importantly, these results thereby indicate for the first time that, although binding of NF-B to the different clade enhancers is different, NFAT binding to the enhancer region equally varies significantly among the various tested clade enhancers.
In this study, we have analyzed the LTR response to T-cell activation through the use of LTRs from different clade-specific HIV-1 isolates and in different T-cell settings. These analyses were important to ascertain that the effects were neither cell type-specific nor HIV-1 LTR strain-specific. We have observed in fact that, under all conditions, the tested clade E LTRs were less responsive than any other of the compared clade LTRs independently of the added activating agent, which also included antigenic-like OKT3/DT30 stimulation. The weak response of the clade E LTR was observed in both Jurkat and SupT1 cell lines, but was also confirmed in primary CD4 ϩ T-cells. However, when HIV-1 and HIV-2 LTR responses were compared, the HIV-2 LTR showed the strongest response to T-cell activation except in TNF␣-activated cells. Although HIV-2 LTRs contain a single NF-B-binding site, our results agree with previous studies demonstrating that T-cell receptordependent activators (and not TNF␣) lead to a greater level of activation of the HIV-2 LTR in comparison with HIV-1 clade B LTRs (47, 48) . Upstream sequences bound by factors such as 6) or TNF␣ (20 ng/ml)-treated Jurkat cells were incubated with clade C NF-B repeat I (lanes 1-5) , repeat II (lanes 6 -10), and repeat III (lanes 11-14) . Competition experiments were conducted with excess unlabeled oligonucleotide of repeat I (lanes 3, 8, and 12) , repeat II (lanes 4, 9, and 13) , or repeat III (lanes 5, 10, and 14) . B, nuclear extracts from untreated (not treated (NT) ; lanes 1, 4, and 7) or TNF␣ (20 ng/ml)treated (lanes 2, 5, and 8) Jurkat cells or from NFAT1-expressing 293T cells (lanes 3, 6, and 9) were incubated with the following probes: NF-B repeat I (lanes 1-3) , repeat II (lanes 4 -6) , and repeat III (lanes 7-9) . Protein-DNA complexes were subsequently resolved on a native polyacrylamide gel, which was dried and exposed to Kodak X-Omat film. Free probe and specific complexes are indicated. DEK (49) and Elf-1 (30, 50) likely account for this strong HIV-2 LTR response to T-cell receptor-dependent activators.
The above results obtained from comparison of the responses of the different clade LTRs are in complete agreement with previously published data (25, 26, 51) . In fact, these studies had shown earlier that TNF␣-stimulated Jurkat cells poorly activate the HIV-1 LTR from clade E in comparison with other clade LTRs. For all other clade LTRs, no significant differences in terms of activation were noticed for all tested activating agents. However, our results contradict previous studies suggesting that the activation of the clade C LTR is higher because of its extra NF-B-binding site. In fact, Montano et al. (26) demonstrated, using a p65 expression vector, that activation is more pronounced for clade C than clade B in 293T and Jurkat cells. Because our conditions did not involve p65 overexpression, our results are thus more relevant to the actual regulation of the HIV-1 clade C LTR following T-cell activation. In addition, our results partly agree with those obtained by Jeeninga et al. (25) , who showed little difference among clades A-D in terms of activation following TNF␣ stimulation in SupT1 cells. In our study, we also compared the basal activity of the various clade LTRs. Only clade B LTR basal activity was shown to be different and lower compared with other clade LTR basal activities. Previous studies indicated that LTR basal activity and HIV-1 replication are higher for clade E in unstimulated SupT1 cells (25, 35) . We have not confirmed these data through our transfection experiments. Different experimental conditions might account for these discrepancies, although we have confirmed our data in various T-cell lines and using different strains for each clade LTR.
To gain a better and more accurate assessment of the role played by the different enhancer sequences in the modulation of each clade LTR, we have specifically investigated the role of the enhancer sequence in LTR activation following stimulation in Jurkat cells. Again, the clade E enhancer was the weakest activating sequence under all activating conditions. Remarkably, the enhancer sequence from clade C did not appear to be stronger than clades A, B, and D enhancer sequences. Rather, this enhancer was often found to be weaker than the enhancer regions from clades A and B. These results thus further suggest that the clade C LTR does not show a significantly greater level of transcription through more pronounced activation of its enhancer region. It should also be pointed out that, following PHA activation, the clade A enhancer seemed to act in a stronger fashion than the other clades, which is different from the results obtained with the full-length LTR. Other differences are apparent when comparing these data with those from the fulllength LTR experiments. Presently, no clear explanations can account for these differences, although the context of the enhancer and the absence of the other LTR sequences are likely to play a major role.
We have analyzed the type of protein/DNA interactions occurring in the various enhancer regions. Using a previously described approach, we have in fact determined that most of the enhancer regions permitted the binding of NF-B. HIV-1 clade E and HIV-2 enhancers were, however, poor binding sites for NF-B when analyzed in the presence of TNF␣-and PMA/ Iono-stimulated Jurkat cells, whereas the other clade enhancers (including the clade C enhancer) showed an NF-B signal of similar stronger intensity. These results are thus a priori in correlation with the data from the transfection experiments in that a similar level of NF-B binding to the enhancer is paralleled by an equal level of LTR and enhancer activation in clades A-D. A weaker binding of NF-B to HIV-1 clade E LTRs would thus be consistent with a weaker level of initiation and elongation of transcription, as suggested by West et al. (5) . Our analyses have been focused on the p50/p65 heterodimer, the most potent activator of HIV-1 LTR transcription. Other bands are also present in these EMSAs, and we have previously demonstrated that these bands are mainly p50 homodimers (38) and unaltered by T-cell-activating agents. In our study, we have also detected a signal that was specific for the clade E probe and that might represent the previously described interaction with the Ets-related GA binding protein transcription factor (43, 44) .
A detailed analysis of the binding of the NFAT factor to the different HIV-1 clade enhancers was also undertaken. Nuclear extracts of stimulated Jurkat cells demonstrated a weaker attachment of NFAT to the HIV-1 clade E and HIV-2 enhancer probes. Differences in binding between clade B and E enhancers were further confirmed using enhancer probes from different isolates. Furthermore, nuclear extracts from stimulated CD4 ϩ T-cells generated a weaker NFAT-specific signal upon incubation with a clade E enhancer probe. This weaker binding to the HIV-1 clade E was also demonstrated by experiments conducted with nuclear extracts from 293T cells transfected with the NFAT1 expression vector and by competitions experiments. These results hence indicate that NFAT could also be an important element in the observed weak activation of the clade E LTR. In addition, a competing event might occur between both NF-B and NFAT for the only available NF-Bbinding site. Such detrimental action between the activation potential of NF-B and NFAT in the context of a single NF-Bbinding site has previously been illustrated by Maciã n and Rao (52) . These results also agree with those of Jeeninga et al. (25) , who showed that transfection of an NFATc (NFAT2) expression vector leads to a more important activation of a clade B LTR than a clade E LTR. Because of the diluted nature of the NFAT proteins in the tested nuclear extracts, the observed signals detected in our EMSAs are likely representative of bound NFAT monomers. The recent demonstration that NFAT binds as a dimer through the HIV-1 enhancer region (23) suggests that the strength of the interaction of this dimer could also be affected by nucleotide variation in the different clade LTRs. We are hence presently testing the binding of the NFAT dimer to the various clade enhancer regions using purified recombinant NFAT1 proteins.
An interesting observation from these EMSAs is the stronger attachment of NFAT to the clade C enhancer compared with other NF-B repeats. We have analyzed the third repeat for NFAT binding and found no affinity of this site for NFAT. This was expected given the lack of the NFAT consensus core in this NF-B repeat (i.e. an antisense 5Ј-GGAAA-3Ј sequence). A more refined analysis of the binding ability of NFAT allowed us to show that repeat II strongly bound NFAT, which might explain the stronger NFAT signal observed with the clade C enhancer probe in our EMSA analysis. No such difference in NFAT binding was apparent when the two NF-B repeats from the enhancer region of the NL4-3 (clade B) LTR were compared. However, the sequence present between repeats I and II in the clade C LTR (i.e. 5Ј-ACTG-3Ј) resembles the previously described AP-2-like binding sequence, which has been shown to be important for the action of NFAT in HIV-1 LTR regulation (21, 24, 26) . This new sequence could impart a stronger NFAT affinity for the consensus sequence present in repeat II, as no other differences seem to account for the difference in NFAT binding between repeats II and III. Although we have previously demonstrated that higher activation of NFAT1 suggestively increases LTR transcription via the enhancer (42, 45, 53) , the results in the present study indicate that the stronger binding of NFAT1 to the enhancer of clade C does not improve the activation of this enhancer in comparison with the other clade enhancer. The preferential positioning of NFAT on repeat II might not be optimal in the context of an activated synergistic response involving both NFAT and NF-B.
One concern that arises from this study therefore relates to the role that might be played by the third binding site of clade C. Our results demonstrate that neither NF-B nor NFAT can interact with this repeat and confirm the previous data of Roof et al. (43) . This sequence might permit the binding of another factor (for example, Sp1), hence leading to higher basal promoter activity or Tat-induced LTR transcription. Based on our results, such an interaction should not affect the observed induction of transcription in activated T-cells. However, in our EMSAs, we were unable to detect a signal specific for this repeat; a more detailed analysis will be needed to determine whether this repeat allows the binding of a transcription factor.
These studies have thereby demonstrated that the activation of the various LTR regions of the existing clades is affected in HIV-1 only in the context of clade E. On the basis of our analyses, it is likely that this low response from clade E LTRs would be consequential to the single NF-B repeat-containing enhancer region. On the other hand, the potential of HIV-1 clade C LTRs to be more active upon activation has not been observed in this study and thereby relates to the lack of additional NF-B binding to the enhancer sequence. A lower level of activated transcription might bear important consequences as to the level of transmission as well as the pathogenicity of particular HIV-1 isolates. However, gag and env sequence as well as the interaction between Tat and TAR RNAs are known to differ between clades and are thus likely crucial determinants of the variations in transmission levels and the degree of pathogenicity of the different HIV-1 clades.
In conclusion, we have evaluated the response of the various HIV-1 clade LTRs to different T-cell-activating agents. HIV-1 clade E LTRs were the weakest responding LTRs, which paralleled weaker binding of NF-B and NFAT to their enhancer regions. However, the clade C LTR did not lead to a major shift in response compared with the other clade LTRs. Therefore, the number of NF-B repeats definitely acts on the strength of promoter activation, but not in all cases. The stronger interaction of NF-B and NFAT with clade enhancer regions containing two active NF-B repeats is likely an effect of avidity or cooperative interaction, whereas the affinity per se for the various NF-B-and NFAT-binding sites for both of these factors is not necessarily increased. It is possible, however, that other regions in the LTR, which show divergence between clades, further affect LTR activation and binding of both factors to the enhancer region. Future studies aimed at an understanding of the role of these sequences should shed light on how LTR regulation is orchestrated in response to T-cell activation in the context of the existing LTR sequence heterogeneity among the different HIV-1 clades.
